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Abstract 


Tool wear is a dominant phenomenon that affects the tool life. Flank wear is 
the common type of wear, which leads to tool failure. In the present work, flank 
wear has been monitored indirectly by measuring the temperature generated 
during the machining process. Temperature is one of the most important variables 
measurable during the machining process. Experiments have been carried out 
using HSS tool and tungsten Carbide tool bits. The three input parameters used in 
the experiments are rotational speed (rpm), feed (mm/rev) and depth of cut (mm). 
Empirical relation between the temperature 6 and the input parameters as well as 
between the flank wear land and the input parameters have been established for 
both the set of experiments. Experimental values of temperature and flank wear 
land have been compared with the theoretical values. Temperature generated at 
the flank 6 ^ has been assumed to be approximately 4% of the total temperature $ 
and this is related to the flank wear land. 



CHAPTER 1 


1.1 Introduction 

Cutting tools are subjected to a several rubbing process as the chip 
slides on its rake face and when the flank face rubs against the machined work 
piece surface. Machining of high strength metals and alloys is limited by the 
tool life and ways must be found to increase it. Tool life is predominantly 
affected by tool wear. 

Crater wear and flank wear are the two types of wear, which are 
identified during the machining process. The measure of flank wear is given by 
a single dimension, , the flank land width. The crater wear is defined by the 

volume of material removed from the rake face in the form of crater. The flank 
wear is the commonly used measure for predicting the failure pf the cutting tool. 

The on-line tool wear monitoring has been a subject of research for 
many years . Due to the advent of adaptive control and Computer Integrated 
Manufacturing (CIM), there has been a spurt in research in this field of 
manufacturing. Advances in adaptive control and CAM call for sensitive ways 
of measuring tool wear. No single universal method of tool wear monitoring has 
been developed which is suitable for all applications. 

A number of methods of tool wear and failure sensing techniques have 
been developed over the years, but very few have been used in industries 
successfully. It has been shown that tool failure contributes, on an average, upto 
6.8% to the downtime of the machining centers [1]. 

Tools fail either by fracture or by gradual wear. Mostly the tools made 
of brittle materials fail by fracture. In case of the gradual wear, the tool reaches 
the limit of its life by either flank wear or crater wear. Flank wear and crater 
wear failxires have formed the subject of most studies in the area of tool wear. 
More methods have been developed for tool wear sensing than models that 
correlate tool life with parameters describing the machining environment [2] 

Broadly the tool wear sensing techniques can be classified into two 
major categories 

1) Direct, where the actual tool wear is measured. 
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2 ) Indirect, where a parameter correlated with tool wear is measured. 

In indirect measurements, various parameters which vary along with the 
tool wear are measured and these are correlated with the wear occurring on the 
tool. 

The different parameters which can be measured are: cutting force, 
acoustic emission from the tool surface, sound, vibration, temperature, power 
input, roughness of the machined surface etc. 

1.2 Literature Survey: 

Cutting force is one of the parameters of machining that can be easily 
measured.. Cutting force changes as the tool wears and is often used as a method 
to detect tool wear in the laboratory. Some experimental results show [3] that 
there exists a linear relationship between the feed and the thmst forces and the 
tool wear. Some authors [3] have claimed that it is impossible to derive accurate 
information on tool wear based on measurements of cutting forces in turning. 
This is because significant increase in forces occurs only at the moment of tool 
failure. Thus only tool failure can be detected and not tool wear and its various 
forms. 

Acoustic Emission (AE) has also been used as a means of sensing tool 
wear or tool fracture. The spectra of the AE signals is used to detect the tool 
wear and tool failure. The method is based on pattern recognition concepts. 
Flank wear of a cutting tool was successfully measured by monitoring the 
gradual increase of the AE signal [4]. AE spectral analysis is considered to be a 
poor method for single point tools where marked periodicity was absent. A 
disadvantage of this method is the combined effect of flank and crater wear, 
making it difficult to exactly determine the wear conditions of tiie cutting tool 
through AE analysis. Another potential source of error is the influence of the 
cutting parameters on the AE response. This might mask the information 
coming from the wear conditions. Sound from the machining zone has been 
used to monitor the conditions of the cutting edge. This method is impractical to 
be employed in a shop floor environment due to the high level of the ambient 
noise [5]. 
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Vibration occurs as the work piece and the chips rub against the worn 
tool and this information can be used in various ways to detect the tool wear and 
tool fracture. 

Ultrasonic signals in their normalized form have been used by some 
researchers to detect in-process gradual wear during turning operations [6]. The 
experiments were conducted and it was shown that gradual wear can be made 
tool independent by normalizing the measurements with the calibration mark. 
This method was only useful for turning operations and with inserts which have 
a negative rake angle. 

The roughness of the surface on the work piece machined is influenced 
by the sharpness of the tool. This is used for tool condition monitoring .A fibre 
optics transducer was used for in-process indication of surface roughness during 
a finish turning process [7]. 

Cutting temperature increases during the machining process and this 
has an effect on the tool life. Hence cutting temperature can be used to monitor 
tool failure. Several techniques have been reported for assessing cutting 
temperatures [8]. The most commonly used techniques are the work- tool 
thermocouples and the tool thermocouples. Reference [9] gives a review of the 
methods that are used for measuring the machining temperatures. 

Zakaria and Gomayel [10] explored the reliability of cutting 
temperature for monitoring tool wear. Long dmation turning tests employing 
different speed, feed and depth of cut were conducted. The cutting temperature 
was sensed on-line using the tool-work piece thermocouple technique. From the 
experimental results it was found that the thermal voltage signal was the 
parameter which was very sensitive to the cutting conditions. They were of the 
opinion that cutting temperature as measured by the work-tool thermocouple 
caimot be used by itself to predict the status of the wear on the cutting tool. 

P. Matiiew [11] used the predicted cutting temperature in determining 
the tool performance. Dynamic flow stress and temperature properties of the 
work material were used to determine tool performance when machining plain 
carbon steels. It was shown that there is a relationship between the tool wear in 
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logarithmic scale and the reciprocal of the absolute temperatures achieved at the 
chip-tool interface. This indicated the presence of the temperature dependent 
wear mechanism. It was shown that a diffusion-based equation could be used to 
effectively relate the wear rate of a carbide tool to the temperature of the tool 
when considering the turning process. At high tool temperatures diffusion was 
found to be the basic mechanism involved in wear. 

Groover, Karpovich and Levy [12] studied the relationship between 
remote thermocouple temperatures and the tool wear in machining. They 
demonstrated that a strong correlation existed between the tool wear and the 
signal of a thermocouple at a position on the cutting tool remote from the 
cutting edge. They proposed a mathematical model to explain the relationship 
between tool wear and temperature. As the tool wear progresses on the cutting 
tool, they found that the net effect is to increase the amount of energy flowing 
into the tool at the cutting edge. A linear relation between the tool wear and 
temperature measured by the remote thermocouple was proposed which also 
incorporated a term for converting temperature difference into a wear difference 
above the initial value. The model provided a high degree of agreement between 
the actual and die estimated tool wear. 

The effect of tool flank wear on the tool chip interface temperature 
was studied by Olberts [13]. Tool -work thermocouple technique was used to 
measure the interface temperature. In the experiment the effect of ground-on 
wear land on interface temperature was studied. Wear lands were ground on the 
tools to eliminate crater wear as a variable. It was found that the tool-work 
interface temperature was considerably lower than the tool-chip interface 
temperature as the wear land forms. The tool-wear interface temperatures then 
increase continuously as the wear land increases. The chip thickness ratio gave 
an indication of the degree of tool wear for wear lands up to 0.02mch and more 
the land wear, the lower the chip-thickness ratio. 

Levy, Tsai and Groover [14] studied the effect of crater wear on the 
response of a remote thermocouple sensor. This technique depends for its 
operation on the strong influence of the wear on the transient temperature 
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variations in the tool. Results were obtained under idealized cutting conditions 
with a zero wear rate, a normal wear rate and an accelerated wear rate. The 
three cases were then compared to study the effect of wear on temperature. A 
transient finite difference analysis for the temperature variations in a tool and 
chip was presented. The results indicated that the temperatures at the base of 
the tool insert are quite sensitive to tool wear with increase in temperature due 
to the growth of the wear crater which are of the order of 30.6k/mm. 

Lenz, Katz and Ber [15] investigated the flank wear of cemented 
carbide tools. They found that heat generated during cutting in several zones 
leads to an assortment of elevated temperatures. These temperatures vary when 
tool material properties are changed. Different levels of temperatures were 
found to have an influence on the tool life. A set of tests employed an electrical 
analogue, which was accompanied by basic heat transfer calculation. This 
supplied information on the magnitude and distribution in the flank zone. The 
results of the electrical analogue test helped to calculate the temperatures in the 
tool-work interface. The significance of the flank wear size and its dependency 
on rake face occurrence may be deduced from these temperature magnitude. 
They concluded from these tests, that heat generated is higher for TiC tools 
relative to those of WC tools. Due to the effect of the thermal properties of the 
tool material, a certain temperature will be generated at the flank and its 
vicinity. This causes a thermal wear mechanism to take place and hence 
defining the tool life. 

Constriction resistance concept was applied to wear measurement of 
cutting tools by Wilkinson [16]. A mathematical model for the tool-work piece 
interface resistance in a single point oblique cutting operation was described. 
The model was developed using the concept of constriction resistance. It was 
shown that the resistance measurements might be used to calculate the amount 
of wear on the cutting tool as the cutting proceeds. This method gives the mean 
value of the flank-wear land width. It was found that there was a good measure 
of agreement between the in process and optical measurements. Resistance of 
the tool-workpiece interface in metal cutting was concluded to be a very 
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important parameter which may be used to measure the tool wear during the 
process. 

Leshock and Shin [17] investigated the effect of tool face temperature 
(measured by thermocouple) on the tool flank and crater wear mechanisms. 
Steel alloys were used as the workpiece material. Experimentally they 
determined the flank wear at lower speeds (1.29-2.49 m/s) so that crater wear 
does not affect the measured temperatures. After a fairly high value of flank 
wear was attained, they found that the tool would fail and tool temperatures 
could no longer be measured. 

Crater wear measurement was performed using the laser triangulation 
technique, with the equipment consisting of a laser sensor and a co-ordinate 
measming machine (CMM). This is due to the fact that crater wear is measured 
in terms of volume or depth. The volume wear was compared with the measured 
temperature. The results showed that crater volume wear rate is a quadratic 
function of temperature. This is because crater wear is a diffusion-based 
phenomenon dependent on temperature. 

Chow and Wright [18] measured on-line temperature in a turning 
operation. The measuring scheme relied on the signal from a standard 
thermocouple. The unique feature was that the scheme predicted the interface 
temperatures for an interrapted cut and also when there is tool wear. They found 
that cutting temperature can be considered as an ideal control variable purposes 
because of its correlation with tool wear. 

Takeyama and Murata [19] found a relation between the flank wear 
and the cutting temperature. They found that the flank wear first increases 
slightly with cutting edge temperature but after a critical value (about 1200 K ) 
it starts to accelerate. This is becaxjse at high temperatures both flank and crater 
wear are dominated by diffusion. Thus they opined that due to correlations 
existing between the interface temperatures and wear mechanisms, a control 
over the wear process is possible. This control can be exercised if cutting edge 
temperature and maximum temperature at the rake face can be monitored during 
the process. 
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Smart and Trent [20] measured the temperature gradients in high- 
speed steel tools used for machining of iron, titanium and nickel. The gradients 
wear measured based on the structural changes in HSS heated to temperatures 
over 560° C. These three metals imposed their own and gi'eatly different pattern 
of temperature within the tool. It was shown that this controls some of the basic 
wear processes which limit the rates of metal removal. The results by these 
experiments have relevance to the understanding of tool wear, the design of 
cutting tools and the application of cutting lubricants. They drew the conclusion 
that temperature distribution and the influence of speed and feed must be 
dependent on factors such as clearance and rake angles. Their work 
emphasized the overriding importance which temperature distribution can have 
on the performance of the cutting tools. 

Aay and Yang [21] made an experimental study to monitor timewise 
temperature variations of the tool and workpiece in orthogonal cutting. They 
used both thermocouples and infrared thermovision. They found that the 
progress of wear is accompanied by a consistent increase in temperature of the 
tool which in turn accelerates the wearing process. They identified two kinds of 
wear from a plot of the steady state temperature. They are the mechanical wear 
in the lower cutting speed zone and diffusion wear in the higher cutting speed 
zone. A critical value for transition from mechanical wear to diffusion wear has 
been identified. The rate of decrease in tool life is faster in the mechanical wear 
zone and slower in the diffusion zone. 

Wu and Meyer [22] proposed an empirical general cutting tool 
temperature predicting equation in terms of speed, feed and depth of cut. The 
equation was based on response surface methodology. A second order model 
was proposed based on least square estimation. They found the importance of 
feed and depth of cut on temperature response. The second order cutting tool 
temperature equation is necessary to yield a more accurate prediction at high 
temperature range. 

Venuvinod, Lau and Rubenstein [23] have shown that the assumption 
of continuous contact at the tool work interface in metal cutting, leads to results 


7 



which are in conflict with empirical evidence. They proposed a new model 
based on discrete contact at the tool flank and the associated thermal 
constriction resistances were developed. A representative value of the flank 
temperature can be calculated from the proposed model for different cutting 
conditions. A relation between the flank temperature and flank wear was 
developed using the same discrete flank contact idealization. They developed a 
new parameter at the tool flank land area which reflects the discrete nature of 

tool work contact. The discrete contact assumption was observed to overcome 
all the anomalies of the continuous tool work contact assumption. 

Braiden [24] investigated the limits of accuracy imposed on the tool 
workpiece thermocouple technique by the need for an exact calibration curve 
for the materials being investigated. The overall accuracy of the temperature 
measurement depends on the accuracy achieved in finding this thermoelectric 
relationship.The results obtained from the calibration showed that calibration 
curves of WC were of parabolic nature. 

Boothroyd, Eagle and Chisholm [25] made investigations of the 
temperature generated on the work flank of a cutting tool .They found that 
approximately 60% of the heat generated in the cutting region is conducted into 
the work piece, the remainder being removed by the chip. They opined that in 
majority of practical cutting operations, the life of the cutting tool is limited by 
the rate of wear on its flank, wear on the rake face being of secondary 
importance. They argued that the tool work thermocouple gives only an average 
temperature in the cutting zone and cannot be independently employed to 
measure the flank wear land. They found that though there is information about 
the temperature prevailing on the rake face of the tool, very little knowledge is 
available about the temperature conditions at the flank face of the tool.WC tools 
with an artificial (initial)wear land of 0.015 to 0.045(mm) were used in the 
experiments. They found that an increase in flank wear land leads to both an 
increase in the mean flank temperature as well as the mean temperature over the 
face and the flank. Thus the signal from the work tool thermocouple could be 
argued to bear some relation to the wear on the flank. 
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S.M.Wu [26], studied the tool life response by an analytical method. He 
proposed a first order relation between the input parameters and the tool life. 
Least square regression anailysis was used to derive the analytical relationship. 
In the second paper [26a] he proposed a second order relation that included the 
interaction between the input parameters. The second order relationship was 
more general as compared to the first order relationship and there was a good 
agreement between the experimental and the theoretical results. 

Gerry Byrne [27] studied the various temperature responses for 
different work materials when machined by HSS cutting tools. Although the 
temperature for different materials was different there was a general trend 
which showed that the temperature increased parabolically with the cutting 
speed. Furthermore the variation of temperature with the feed was of a similar 
nature. The temperature increased almost linearly with the increase in depth of 
cut. 

In the present work the temperature during the cutting process is 
expressed in terms of the flank temperature and the effect of this temperature on 
the flank wear of the cutting tool is explored for different cutting parameters 
which are decided according to the design of experiments. Factorial design has 
been used to fix the cutting parameters. 

ORGANISATION OF THE THESIS: 

Chapter 1 gives an introduction about the tool wear and a brief review 
of the literature of the research in this area with particular reference to the 
thermally activated wear mechanisms. 

Chapter 2 deals with the theoretical aspects of the temperature 
phenomena in metal cutting and details of the relations between the flank wear 
and the flank temperature. 

Chapter 3 gives details about the factorial design which has been used 
for conducting the experiments. The experimental procedure as well as the 
calibration procedure have been explained. 

Chapter 4 includes the details of the experimental results. 

Chapter 5 includes the conclusion and the scope for future work. 
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Chapter 2 

Theoretical Analysis 

Introduction: 

The temperature that arises in a machining operation is fundamental to the 
process of chip removal. It is perhaps the single most important factor influencing 
the efficiency of the process. The characteristic factors, which are iafluenced by 
temperature, are: 

a) The degree of plastic deformation. 

b) Extent of tool wear 

c) Degree of diffusion and corrosion 

The high temperature has a very strong influence on the tool wear rate 
through the mechanisms of increased adhesion, diffusion and abrasion. Several 
techniques have been developed to evaluate the temperatures arising in the cutting 
zone. 

Heat generation during metal cutting occurs in three distinct regions. They 
are: 

a) The shear zone, where heat is generated due to plastic deformation of work piece 
material. 

b) The chip-tool interface zone where heat is generated due to frictional rubbing 
between the rake face of the tool and the chip. 

c) The work tool interface zone where heat is generated due to fiictional rubbing 
between the flank face of the tool and the work piece. 

The portion of heat that flows into the tool causes very high temperatures 
in the vicinity of the tool tip which in turn decreases the hardness of the of the 
tool. The wear rate of the tool, therefore, increases resulting in a decrease in the 
useful life of the tool. The thermal stresses developed due to high temperature 
also contribute to the failure of the tool. 

Cutting speed is the most important variable affecting tiie cutting 
temperature, while feed is the next important variable, followed by the depth of 
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cut. It has been shown experimentally that chip- tool interface temperature 
increases approximately parabolically with increase in cutting speed. 

During the cutting process severe plastic deformation takes place in 
the primaiy and secondai 7 zones and mbbing on rake and flank faces. The work 
done in effecting plastic deformation reappears in the form of heat. The flow of 
chip along the tool rake face is another source of heat generation. Similarly, the 
rubbing of the machined surface on the flank face due to elastic recovery and 
wear of flank face, is yet another source of heat generation. These sources of heat 
generation arc shown in Fig. 2.1 . 



Fig 2.1 Sources of heat Generation in metal cutting (From Juneja and 

Sekhon). 

Maximum heat is developed in the material, which forms the chip, and 
hence it is the hottest portion of metal in the cutting process. Some heat Ifrom the 
machining zone gets conducted into the work piece and into the tool through the 
chip-tool interface. The rise of temperature of temperature in the tool and woric 
piece gives rise to early wear of the tool and dimensional inaccuracy of the 
machined surface. 

2.1 Theoretical Analysis: 


H 


The shear plane temperature rise can be approximately estimated by 
assuming the thin zone model of metal cutting and by assuming that there is a 
uniforai rise of temperature all over the shear plane. 

If E, is the energy per unit volume dissipated at the shear plane, then 
0s A. Es / JpwCw + 0i ^2 1) 

Where, 0s is the temperature at the shear plane; 

0i is the initial temperature of the work mater ial; 

Es is die energy/ unit volume dissipated at die shear plane; 

J is the heat equivalent of mechanical energy; 

pw is the density of work material; 

Cw is the specific heat of the work material; 

1 Is a factor representing the fraction of heat retained in the chip; 

Es is given by 

FsVs/btV l'2 2) 

Where, Fs = force on the shear plane 
Vs = velocity of the tool along the shear plane 
b = width of the chip 
t = thickness of the chip 
V = velocity of the chip 

In the secondary deformation zone (along the rake face), heat 
generation is caused by the plastic deformation of the chip (which is negligible 
since the rate of deformation is not very high), sliding and large fiictional forces 
between the tool and the chip. Wallace and Boothroyd [28] concluded that the 
normal stress, p, increased exponentially towards the cutting edge as shown in 
Fig. 2.2 
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Fig.2.2 Friction existing at the chip tool interface 
In the secondary zone, heat is generated over the contact length due to boundary 
friction. The heat generation rate per unit area due to boundary fiiction at a point 

on the contact length at a distance x from the tool edge was calculated as 
q, =XkF^ (2.3) 

Where is the chip velocity at a distance x from the tool edge. 

The heat is generated on the flank face of the tool due to boundary 
fiiction. It is assumed that the distribution of the shear stress on the flank face of 
the tool is uniform ie, 

-ci^Ff/blf (2.4) 

Where Ff is the force component due to boundary fiiction parallel to the 
flank measured experimentally, b is the width of cut and If is the length of flank 
wear land measured along the flank face. 

The rate of heat generation per unit area over the length of flank wear 
due to boundary fiiction is estimated as 

qf=xtFf (2.5) 

where, Fj- is the velocity along the flank face. 
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During the cutting operation, the tool is subjected to cutting forces that 
are concentrated over a relatively small contact area on the rake and the flank. 
The temperatures over the contact surfaces are very high. The tool is subjected to 
mechanical and thermal shock during the entiy and exit of a cut. Under such 
severe conditions, tools gradually wear out. 

2.2 Wear Mechanisms and Types of wear 

There are different wear mechanisms by which a tool wears. 

a) Shearing at high temperatures: The tool wears due to thermal softening. 

b) Diffusion wear: Due to high temperature existing at the interface, atoms of 
the harder material diffuse into the softer matrix, thereby increasing the latter’s 
hardness. This is strongly dependent on temperature. 

c) Adhesion wear (Attrition wear) 

d) Abrasive wear. 

The wear of the tool occurring on the rake face (crater wear) and/or 
on the flank face (flank wear) are of the following nature. 

Flank wear: Wear lands are produced on the side and end flanks of 
die tool on account of the robbing action of the machined surface. This wear land 
develops and grows on account of abrasion and adhesion. The wear land is not of 
uniform width. The frictional stress and maximum temperature at the flanks also 
go on increasing with time. A stage is reached when diffusion becomes the 
predominant wear mode on the flank. After a critical wear land has formed, 
further wear takes place at an accelerating rate. During the steady wear phase 
(which is the useful life of the tool), flank wear is mainly caused by abrasion, 
whereas during the rapid wear phase, it is caused by diffusion. 
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f^g*2.3 Change in flank wear land with time 
Flank wear is easily measured with the help of a microscope because it is 
given by a single dimension namely the wear land width, h, . 

Crater Wear, It occurs in the form of pit on the rake face. The crater is 

formed at some distance from the cutting tip. The location of the maximum 

cratering and maximum chip tool interface temperatures coincide with each 

other. Hence it may be assumed that cratering is a temperature dependent 

phenomenon caused basically by diffusion. The crater significantly reduces the 

strength of the tool and may lead to total failure of the tool. 

Under normal cutting conditions, flank wear develops much fester 

than crater wear. As such tools tend to fail due to flank wear long before crater 

wear becomes significant. Thf*r<*fnr^ 

rnererore flank wear IS the more common measure of 

tool life under normal cutting conditions [29], 

Cutting tool Wears have long been recognized as temperature activated 
mechanisms. Thus it would be desirable to make temperature measurements 
during machining to correlate the same with tool wear .The only laboratory 

method, which appears promising temperature measurements is, the tool-work 
thermocouple method [3^ 

The tool-work thermocouple method measures tire average interfacial 
emf This emf corresponds directly to the average interfacial temperature under 
two conditions, (i) When the interfacial temperature is uniform, and (ii) 



when the temperature and the thermo-emf are related linearly [31]. 

The thermo-emf generated during the himing process consists of the dc 
Components as well as the ac components. The dc component is obtained due to 
the Seebeck effect, which occurs due to the movement of free electrons 
within the rigid lattice structure of the atoms in the conductor. 

The Fermi effect is inherently a contact phenomena due to electron 
transfer from a conductor with a smialler work function to a conductor with a 
larger work function. (Work function is the minimum energy required in Mev to 
remove the electrons from the outermost shell of the atom).The turning process 
involves a continuous succession of contact forming and breaking. The contact 
durations may vary with the area of contact and the sliding velocity at the chip- 
tool interface. [31] 

2.3 Diffusion wear: 

Diffusion wear occurs at the chip tool interface and the flank face. 

The diffusion can be analysed by the Pick’s Law. It states 
that the rate of change of concentration dc/dt of the diffusing constituent is 
proportional to the mass input in the y-direction (i.e., in the direction of diffusion 
across the wear land at the flank). Mathematically the law is expressed by 
dcldt = Dd^cldy^ (2.6) 

where D is is the diffusion coefficient which is dependent on 
temperature and is given as 

D = D„e-^'’'^ (2.7) 

where, Do = constant 

Q = activation energy for the diffusion process 

R = Universal gas constant 

T = absolute temperature, assumed constant over the flank length Ay . 

Solving equation (2.7),we get the flow of diffusion mass ,Mj- across 
the flank face in time ty as , 

My =2Cohfb^DTfin (2.8) 
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= Concentration of the diffusing constituent at the interface y = 0. 

Substituting the value of D in equation (2.8), we get, Q 

Mf = 2C,hfb,[D^ ( 2 . 9 ) 

Higher the values of the flank wear land hj. , the width of cut b, time Tf 
and flank face temperature T, greater would be the amount of the diffused mass . 
2.4 Relation between the flank temperature and the wear land: 
Layer removal vmder plastic deformation may be considered as a reasonable 
assumption because of the high magnitude of the contact stresses. 

The rate of wear can be expressed as [32] 

^ = ( 2 . 10 ) 

at H 

where H = Hardness of the tool material 

Z = Wear coefficient depending on the metals in contact, nature of contact, 
and temperature of the contact surface 
P = normal force on the surface 
= velocity of cutting. 

Archard [33] has shown that the rate of loss of tool material depends on the 
nature of contact, whether elastic or plastic and also depends on normal force 
acting on the interface. The rate of tool material loss also depends on the sliding 
velocity or cutting velocity . 

At the flank surface, the nature of tool material removal can be considered 
as elastic or plastic layer removal type below a critical temperature, 0c. When the 
prevailing temperature at the flank is greater than the critical temperature, 6c, the 
tool material removal would be plastic lump removal type. 

The flank wear rate of the tool can be written as [32] 

dwldt = ZolHVc^^^"''^^P'' (2.11) 

n = a factor depending on the type of material removal, layer or lump type. 

m = factor depending on the nature of contact ( either abrasion or 
adhesion ) and also dependent on the cutting speed. 

The flank wear rate is also given as [32] 
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dw! dt = Zol 


(2 11 ) 

n = a factor depending on the type of material removal, layer or lump type. 

m = factor depending on the nature of contact ( either abrasion or 
adhesion ) and also dependent on the cutting speed. 

The flank wear rate is also given as [32] 

dw/dt=:h^h^dhfldt ( 2 . 12 ) 

From equation (2. 1 1) assuming that hardness H does not vaiy much in the 
temperature insensitive region we get, 

Zo / = bm^dh / dt (2. 1 3) 

or , ZoF = h^hydhf ( 2.14) 

Where b = width of cut 

T =p tana / (l-tany tana), a factor dependent on the tool geometry, 
p = density of the tool material. 

Y = rake angle 
a = clearance angle 
Solving equation (2. 14) we get 

(2.15) 

where T = time at which the flank wear is considered . 

For the temperature insensitive region n =3/4, 

Therefore, from equation (2.15) we get 


hf =[5/4ZoZ'"'5/bT]F,°^^’"^"^r°“ (2.16) 

At moderate cutting speeds m = 4,the equation of wear becomes 


h 


f 


K'Vl'^T 


0 R 


( 2 . 17 ) 


K* = Constant dependent on the thennal properties of tool -work pair 
Ghosh et. al [ 34 ] have shown that for a given temperature, 6 j - , after the initial 
break- in wear, a relationship can be obtained as, 

V,hf=Kf0} ( 2 . 18 ) 


Kj = Constant dependent on the thennal properties of the tool -work pair. 
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h}=r[K^e}ih}f^r^ 


( 2 . 20 ) 


Simplifying we have 

0.236 

( 2 . 21 ) 

Where, = K\Kfy'^^ 

Thus the flank wear land, can be related to the temperature at the flank. 

In the present work the temperature measured with the tool-work thermocouple 
is the average temperature in the cutting zone. To relate it to the temperature at 
the flank, the assumption is made that about 16% of the heat generated is from 
the rake face of the tool and approximately 4% is generated from the flank. This 
is because otherwise it is very difficult practically to separate the rake and the 
fl ank temperature from the thermocouple signal. Some methods have been 
proposed [ 35 ] when machining with split carbide tools. Thus from the 
temperature signal obtained from the thermocouple, the temperature at the flank 
is determined. This is related to the flank wear land, by the relation (2.18). 
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CHAPTER: 3 

3.1: Design of Experiments 

Design of Experiments is a powerful statistical technique, which can be 
applied, in metal cutting experiments. A well-designed experiment can 
reduce substantially reduce the number of tests, and yet provide all of the 
essential information for a statistical analysis which will yield useful 
information. 

In the present work, factorial design has been adopted. A 
factorial design is one in which we control several factors and investigate 
their effects at each of two or more levels. The experimental design 
consists of making observation at each of all possible combinations that 
can be formed for the different levels of the factors. The approach in a 
factorial experiment is much different than in the traditional experiments, 
in which all factors but one are held constant. [36] 

In the present work, 3^ factorial design has been adopted. 
The three parameters which are involved are rotational speed ( N ), feed 
per revolution (f ) and depth of cut (d).These three factors are each varied 
at three levels namely the lowest, intermediate and highest levels. These 
levels are set depending on the capacity of the machine and practical 
experience. Initial trial readings are taken to check whether the levels are 
set appropriately. 

For the first set, where HSS with 10% Co was used as the 
tool material and EN24 steel was used as the work piece material, the 
parameters were set as follows; 

Speed (N) (RPM): 32, 80 , 125. 

Feed(f ) (mm/revolution); 0.1, 0.15, 0.2 

Depth of cut (mm): 1, 1.5 2.0 

For the second set, where WC tool bit was used and EN24 
steel was used as the work piece material, the cutting parameters were set 
as follows: 

Speed (N) (RPM): 125, 160, 200. 
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Feed (f) (mm/revolution): 0.2, 0.25, and 0.3. 

Depth of cut (mm); 1, 1.5, and 2.0. 

Since speed has the greatest effect on the temperature 
generated and consequently the tool failure, as compared to the other two 
parameters, the selection of the maximum speed limit was of importance. 
Also beyond the maximum limit, there was the possibility of the merciuy 
of the bath from spilling over. 

The 3^ design results in 27 experiments .The output of the 
experiments is the temperature {6), which was recorded in terms of the 
voltage (mv) on the voltage recorder. 

A general relation relating the output (y) with the input parameters 
(xi,X 2 ancfra) where the second order interaction among the parameters is 
assumed to be present is given by: 

y — ^0 +^2-^2 +^3-^3 ■*■^11-^1 + ^22-^2 ^33-^3 '^^12^1 ^2 '^^ 22 ^ 2^3 + 

(3.1) 

In this work 9 is the ouq)ut parameter measured in degree centigrade 
( C° ) and Xj , x^ x^ are the speed ,feed and depth of cut [ ] 

The 6(, , £>1 bj in the above equation are the regression coefficients 

which are the unknowns. The xl,xl,xl are the quadratic effects of the 3 
variables and x^x^,x^x^ and x-^x^ are the interaction effects. 
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Table 3.1 The factors set according to the 3^ factorial design (HSS vs 
EN24 Steel) 


SI 

No 

^0 

X, 

^2 

X3 


•^2 

X 3 ^ 

XjX2 

X2X3 

X3X1 

0 

1 

1 

-1 

-1 

-1 

1 

1 

1 

1 

1 

1 


2 

1 

-1 

-1 

0.17 

1 

1 

0.0289 

1 

- 0.17 

- 0.17 


3 

1 

-1 

-1 

1 

1 

1 

1 

1 

-1 

-1 


4 

1 

-1 

0.17 

-1 

1 

0.0289 

1 

- 0.17 

- 0.17 

1 


5 

1 

-1 

0.17 

0.17 

1 

0.0289 

0.0289 

- 0.17 

0.0289 

-0.17 


6 

1 

-1 

0.17 



0.0289 

1 

- 0.17 

0.17 

-1 


7 

1 

-1 


H 


1 

1 

-1 

-1 

1 


8 

1 

1 

■ 

HI 


1 

0.0289 

-1 


-0.17 


9 

1 

-1 

■ 

1 

1 


1 


1 

-1 


10 

1 

0.344 

-1 

-1 

0.118 

1 

1 



- 0.344 


11 

1 

0.344 

-1 



1 

0.0289 


-0.17 

0.0584 


■ 










0.344 


13 

1 

0.344 

0.17 

-1 

0.118 


1 

0.0584 

- 0.17 

- 0.344 


14 

1 

0.344 

0.17 

0.17 

0.118 

0.0289 

0.0289 

0.0584 

0.0289 

.0584 


15 

1 



1 

0.118 

0.0289 

1 

0.0584 

0.17 

0.344 


16 

1 

0.344 

1 

-1 

0.118 

1 

1 

0.344 

-1 

- 0.344 




0.344 

1 

0.17 

0.118 

1 

0.0289 

0.344 

0.17 



18 

1 



1 


1 

1 

0.344 

1 

0.344 


19 

1 

1 

-1 

-1 

1 

1 

1 

-1 

1 

1 



ZZ 













































































































































-1 

1 

1 

1 

1 

1 

-1 

1 

-1 


10 

Bl 

0.05 

>1 

-1 

0.0025 

1 

1 

- 0.05 

1 

- 0.05 



■ 


II 

IB 

0.0025 

1 

0.0289 

- 0.05 

- 0.17 

0.0085 


12 



■ 

IB 

0.0025 

1 

1 

- 0.05 

-1 

0.05 


13 

■ 

0.05 

0.1 

-1 

0.0025 

0.01 

1 

0.005 

- 0.1 

IB 


IB 

■ 




0.0025 


0.0289 

0.005 

.017 

0.0085 


15 



0.1 

1 

0.0025 


1 






!■ 





yi 

1 

0.05 

-1 

- 0.05 


IB 

1 

0.05 

1 

0.17 

0.0025 

IB 


0.05 

0.17 

0.0085 


la 






1 

1 

0.05 

1 

- 0.05 



m 

■ 


-1 

1 

1 

1 

-1 

1 

-1 


20 

yn 

IB 



1 


0.0289 

-1 

- 0.17 


■ 

21 

1 

1 

-1 

1 

1 

1 

1 

-1 

-1 

1 


22 

1 

1 

0.1 

-1 

1 

0.01 

1 

0.1 

- 0.1 

-1 


23 

1 

1 

0.1 

0.17 

1 

0.01 

0.0289 

0.1 

.017 

0.17 


24 

1 

1 

0.1 

1 

1 

0.01 

1 

0.1 

0.1 

1 


25 

1 

1 

1 

-1 

1 

1 

1 

1 

-1 

-1 


26 

1 

1 

1 

0.17 

1 

1 

0.289 

1 

0.17 

0.17 


27 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



The regression coefficients are evaluated by the following general 

equation 

b, = [XX'Yx^ (3.2) 

Where [x] is the matrix of the input parameters and y is the 
corresponding output .The output will be a [l 0 x l] column vector 
representing the regression coefficients. [27] 

3.2.Experimental Procedure: The experimental set up involved setting up 
the thermo-couple between the cutting tool and the work piece. Herbert- 
Gottwein thermocouple, which is also known as the dynamic thermocouple 
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has been used in the present work. The schematic diagram of the 
experimental set-up is shown in Figure 3.1 



Figure 3.1. Experimental set up used for temperature measurement 
A mild steel rod was attached to one end of the work piece 
was drilled and a screw rod was attached to it. The other end of the rod 
was dipped in a mercury bath by means of the slip ring. This is done to 
ensure continuous contact between the tool and the work piece during 
machining. One lead was taken from the mercury bath and the other lead 
was taken from the base of the cutting tool (in case of HSS). The tool and 
the work piece were insulated from the rest of the machine tool body. This 
was done by inserting insulating paper into the tailstock of die lathe. In 
order to insulate the tool on the tool post, it was mounted with insulating 
pieces at the bottom and at the side. The side packing also ensured that the 
tool was mounted perpendicular to the work piece. The two leads were 
connected to the millivolt recorder by through a switch. The recorder was 
switched on only when steady cutting conditions prevailed in the cutting 
zone. This was done to ensure that the recording pen does not travel 
arbitrarily when the circuit was closed. 
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The tool flank wear was measured after each reading by means of a 
traveling microscope, which has a least count of 0.0635mm. Proper 
lighting was provided during the observations. 

3.3 Calibration Procedure: The calibration procedure involves finding 
the relation between the millivoltage generated during the cutting and the 
temperature existing in the cutting zone. There are different methods of 
calibration. The most commonly used method is the furnace type of 
calibration. 

For the present work, a small portion of the work piece was 
welded to the cutting tool. This welded part of the work tool combination 
was dipped in the lead bath .The probe of the temperature recorder was 
also dipped in the bath. One lead from the tool and the other from the 
work piece were connected to the millivolt recorder. The temperature of 
the molten lead as indicated by the digital temperature recorder was noted 
at an interval of 10° C from 25° C to 200° C. The corresponding voltages 
in mv generated due to the thermocouple formed at the welded junction 
were noted for each temperature. Then the graph relating the 
temperature 6 and voltage ( mv ) was obtained. 

In case of Tungsten Carbide (WC), the tool tip was brazed to the 
work piece. Because of the possibility of melting of the insulated copper 
wire, bare copper wire was used. One lead was brazed to the tool bit and 
another lead was brazed to the work piece. The method of taking the 
readings was similar to that in case of HSS-EN24 steel calibration. Readings 
were taken both during the heating and cooling of lead and the most linear 
of the curves was used in subsequent experiments. 
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Chapter 4 


4.1 Results of Calibration: 

The calibration procedure as explained in the previous chapter 
)n[elded the results as shown in the curve in Fig 4.1a and Fig 4.1b. From the 
plot we can infer that there is almost a linear relation between the voltage 
generated during the machining and the corresponding temperature for the 
HSS tool and EN24 steel work piece combination and for the WC and EN24 
steel combination. 


4.2 Regression equation and its validity: 

A general regression equation based on the least square estimation is 
established relating the input parameters and the corresponding ouqjut. As 
described in Chapters, the general equation is given by equation (3.1) 

In the present case, 

0=b^ +b^N+bJ+b,d + b^^N'^ +baf'‘+b„d^ +b^.^Nf +b^fd +b„dN 

(4.1) 

The bi’s are the regression coefficients. Since 3^ factorial design is used in the 
experiments the X matrix is a 27x10 matrix and the Y matrix is a 27x1 column 
vector. The regression coefficients are found by the relation 

b,=[X'XYX'y (4-2) 

The output is a 10x1 column vector. The above equation was solved using 
MATLAB 

The regression coefficients obtained are: 

ho =507.7516, hj =152.9361, ^2 =79.0231, hj =25.3276, hn =92.9963 
*22 =5.4916, *33 =25.9698, *12 = 56.5985, *23 =-6.7562, *33 =30.7667. 
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Thus the regression equation is given as 

e = 507.7516+152.9361(N) +79.0231(f) +25.3276(d) +92.9963(N^) 
+5.4916(/" ) +25.9698(cf" ) +56.5985(/\^/ ) fd ) +30n667idN) 

(4.3) 

The regression equation gives the relation between the input parameters and the 
temperature, which is the output. In the above equation, the values of N, f and d are 
given in coded form. The coding is done as shown. [26] 

In the above Equation A* is the maximum value of the parameter and A' is the 
value of the parameter. A is the intermediate value at which the coded 
value of the parameter is required. 

The minimum and the maximum levels of the parameters are respectively —1 
and +1 as can be seen from the above relation. In equation (4.4) x is the coded value 
of the variable. Since the cutting parameters available on the lathe are not exactly 
such as to give an intermediate level of the coded variable as zero, the intermediate 
level is coded as given below for the 3 parameters 


2(log, 80 -log, 125) 
For speed, x,- -^j;^^j;^iog^ 32) 

0.3449 


(4.5a) 


2 (log, 0.15 -log, 0.2) 

For feed, "(J5;^log, 0.1) 
x,=0.17 


2 (log,l-5-log,2) 
For depth of cut, x^= “ 

X, =0.17 


(4.5b) 


(4.5c) 
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The values of the parameters and the corresponding temperatures (0 ) and the 
flank wear land are given in table 4.1 

The theoretical temperature as calculated by using the equation (4.3) is compared 
with the experimental temperatures and is shown in Table 4.2 

In case of the Experiments with the WC tool bit the coded value of the 
intermediate variable is calculated using Equation (4.5) 


.1 =0.05 

(log, 200 -log, 125) 


(4.5d) 


. 2(log, 0.25 -log, 0.3) 
^ (log, 0.3 -log, 0.2) 


= 0.1 


(4.5e) 


2(log,1.5-log,2.0) 
(log, 2.0 -log, 1.0) 


0.17 


(4.5f) 


Table 4.1 Input parameters and corresponding temperatures and flank wear 


SI No. 

Speed 

(RPM) 

Feed 

(mm/rev) 

1 

32 

0.1 

2 

32 

0.1 

3 

32 

0.1 

4 

32 

0.15 

5 

32 

0.15 

6 

32 

0.15 

7 

32 

0.20 

8 

32 

0.20 

9 

32 

0.20 

10 

80 

0.1 

11 

80 

0.1 

12 

80 

0.1 

13 

80 

0.15 

14 

80 

0.15 

15 

80 

0.15 

16 

80 

0.20 

17 

80 

0.20 

18 

80 

0.20 


Depth of Temperature Flank wear 


cut (mm) (mm) 

1 450 0.2540 

1.5 467 0.2222 

2.0 482 0.2857 

1 486 0.3175 

1.5 495 0.2540 

2.0 495 0.2540 

1 486 0.3810 

1.5 495 0.3175 

2.0 504 0.28575 

1 485 0.41275 

1.5 486 0.47625 

2.0 567 0.60375 

1 585 0.6350 

1.5 603 0.6985 

2.0 641 0.8255 

1 666 0.85725 

1.5 675 0.92075 

2.0 720 1.016 



vV.l 

t 125 0.15 

I 125 0.15 

i 125 0.15 

> 125 0.2 

i 125 0.2 

^ 125 0.2 


1.5 621 0.41275 

2.0 783 0.6350 

1 792 0.6350 

1.5 810 0.7620 

2.0 846 0.8890 

1 873 1.5875 

1.5 918 1.0795 

2.0 963 1.7145 


Table 4.2 Theoretical and Experimental values of temperature 


[No 

Theoretical Temperature 

Experimental Temperature 

1 

455.53 

450 

2 

432.23 

467 

3 

458.16 

482 

■1 

484.34 

486 

5 

451.41 

495 


471.16 

495 

7 

513.89 

486 

8 

474.40 

495 

9 


504 

10 

461.63 

485 

11 

486.33 

486 

12 

546.93 

567 


579.44 

585 

14 

594.40 

603 

15 

648.96 

641 

16 

672.13 

666 

17 

681.02 

675 

18 

730.57 


19 

648.20 

612 

20 

634.98 

621 

21 

712.37 

783 


747.92 

792 

23 

786.98 


24 

857.81 

846 

25 

871.42 

873 

26 

929.47 

918 

27 

970.10 

963 


30 





































From the Table 4.2 we see that the experimental and the theoretical values 
are comparable. The flank wear is calculated using the relation (2.18) and is 
compared with the experimental values of the flank wear as shown in Table 4.3. 


Table 4.3 Theoretical and Experimental Flank Wear hj - : 


SI No 

Theoretical Value 

Experimental Value 

1 

0.2394 

0.2540 

2 

0.2154 

0.2222 

3 

0.2420 

0.2857 

4 

0.2705 

0.3175 

5 

0.2349 

0.2540 

6 

0.2560 

0.2540 

7 

0.3045 

0.3810 

8 

0.2595 

0.3175 

9 

0.2763 

0.28575 

10 

0.3990 

0.41275 

11 

0.4428 

0.47625 

12 

0.5600 . 

0.60325 

13 

0.6286 

0.6350 

14 

0.6626 

0.6985 

15 1 

0.7885 

0.8255 

16 n 

0.8458 

0.85725 

17 

0.8684 

0.92075 

18 1 

0.9993 

1.016 

19 

0.4962 

0.5080 

20 

0.4761 

0.41275 

21 

0.5993 

0.635 

22 

0.6606 

0.6350 

23 

0.7314 

0.7620 

24 

0.8690 

0.8890 

25 

0.8968 

1.5875 

26 

1.0202 

1.0795 

27 

1.1111 

1.7145 


To find the value of in equation (2.18), the output {h^) theoretical is 
assumed to be related to the input parameters (N, f and d) similar as in the case of 
temperature. 

The value of Kj- is calculated as: 


Zi 


(4.6) 




The Regression equation where the flank wear land hj- is assumed to be 

related to the input parameters is found out by using equation (4.2) where the y 
column vector represents the measured flank wears (as given in Table 4.3). The 
relation is given in equation (4.7) 

hf = 0.433 + 0.3029 + 0.21 84/ + 0.0435^/ - 0. 12877^ + 0. 1273/^ + 0. 1 1 1 5d " 
+ 0. l993Nf - 0.0163 fd + 0.0562dN.. 


(4.7) 

4.3.Effect of various parameters on the temperature and the Flank wear land: 

Figures 4.2, 4.3 and 4.4 show the effect of rotational speed on the 
temperature generated at various feeds. From the plots it can be observed that the 
temperature increases as the speed increases. This is because as the cutting speed 
is increased a greater quantity of material passes through the shear zone per unit 
time. The rate of heat generation is dependant on the amount of material entering 
the shear zone, which in turn is dependent on the cutting speed. At high speeds 
the rate of plastic deformation is correspondingly higher (thus increasing the 
temperature). The variation is nearly parabolic in nature. Also at higher depths of 
cut the curve shifts upwards-indicating higher temperatures. This is because as 
speed and depth of cut increases the rate of plastic deformation in the primary 
zone increases and this energy required for the plastic deformation is converted 
into heat energy, which is indicated by the temperature. At higher feeds of 0.15 
and 0.2min/rev, the trend is similar but the temperatures encountered are higher. 

Effect of depth of cut on the temperature is shown in Figures 4.5.There 
is a linear increase in temperature as the depth of cut increases, with higher feeds 
giving rise to higher temperatures. When the depth of cut is increased the shear 
zones are also proportionately increased. This causes an increase in the amount of 
heat generated and hence higher temperatures are observed. Figures 4.6 and 4.7 
shows tire variation of temperature with of depth of cut at higher speeds. Though 
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the depth of cut has the least effect on the temperature its effect is significant from 
the point of view of tool wear in combination with the other two parameters. 

Figures 4.8, 4.9 and 4.10 show the variation of temperature with feed. 
The variation is nearly parabolic in nature similar to the variation with speed. 
Higher speeds and depth of cut results in higher temperatures. As the feed rate is 
increased the quantity of material removed per unit time is correspondingly 
increased. On account of this increase, the rate of shearing of the work piece is 
also increased. 

For the same depth of cut, from Figure 4.2 and 4.9 we observe that 
temperature variation is more sensitive to the speed than to the feed. This 
compares well with the previous works, which indicate that speed has greater 
effect on temperatures than the feed. 

Figure 4.12a, 4.12b, 4.12c, 4.13a, 4.13b, 4.13c and 4.14a, 4.14b 
and 4. 13c show the variation of flank wear land hj- with the flank temperatures at 

different feeds and speeds. The curves are linear which agrees well with the 
results of growth of wear land in the steady state region. 


4.4 Effect of various input parameters on temperatures and flank wear (WC 
vs. EN24) 

For the experiments with WC tool bits the parameters were set at a 
higher level as given in Chapter 3. The parameters set as per the factorial design is 
given in the coded forai in Table 3.2. 

Regression equation based on the least square estimation is used to 
relate the input parameters with the output .The regression coefficients are 
calculated using the formula given in (4.3). The regression equation obtained is 

(9 = 71 3. 143 + 32.7208A + 34.3789/ 4 - l4A224d - 3 .60S2N^ +3.447 
+ 2.27 1 W ^ + 1 . 1 1 33 A/ + 2.4031 fd - 2.1S63dN 

(4.8) 

Value of the constant Kj- is calculated in the same way as in the case of 
the HSS tool experiments. The value of the constant obtained is 5, which is an 
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average value of the 27 trials. The theoretical and the experimental temperatures 
are as given in Table 4.3 

The regression equation where the flank wear is assumed to be related 
to the input parameters is 

hj- = 0.1209- 0.001 7A'' + 0.0194/ + 0.0139^7-0.005477^+0.0073/^ -0.0003i7^ 
- OmiSNf + 0.0006/J - 0.0004dN 

(4.9) 


Table 44lnput parameters and corresponding Temperature and Flank Wear. 


SI. No. 

Speed (N) 

Feed(mm/rev) 

Depth 

Of cut (mm) 

Temperature 

Flank wear 

1 

125 

0.2 

1.0 

619.4 

0.09525 

2 

125 

0.2 

1.5 

652 

0.09525 

3 

125 

0.2 

ZO 

668.3 

0.1270 

4 

125 

0.25 ■ 

1.0 

668.3 

0.09525 

5 

125 

0.25 

1.5 

684.6 

0.1270 

6 

125 

0.25 

2.0 

700.9 

0.1270 

7 

125 

0.3 

1.0 

700.9 

0.1270 

8 

125 

0.3 

1.5 

717.2 

0.15875 

9 

125 

0.3 

2.0 

733.5 

0.15875 

10 

160 

0.2 

1.0 

684.6 

0.09525 

11 

160 

0.2 

1.5 

684.6 

0.09525 

12 

160 

0.2 

2.0 

700.9 

0.1270 

13 

160 

0.25 

. 1.0 

717.2 

0.1270 

14 

160 

0.25 

1.5 

717.2 

0.1270 

15 

160 

0.25 

2.0 

733.5 

0.1270 

16 

160 

0.3 

1.0 

733.5 

0.1270 

17 

160 

0.3 

1.5 

749.8 

0.15875 

18 

160 

0.3 

2.0 

766.1 

0.15875 

19 

200 

0.2 

1.0 

700.9 

0.09525 

20 

200 

0.2 

1.5 

717.2 

0.09525 

21 

200 

0.2 

2.0 

717.2 

0.1270 

22 

200 

0.25 

1.0 

733.5 

0.09525 

23 

200 

0.25 

1.5 • 

749.8 

0.1270 

24 

200 

0.25 

2.0 

749.8 

0.1270 

25 

200 

0.3 

1.0 

766.1 

0.1270 

26 

200 

0.3 

1.5 

782.4 

0.1270 

27 

200 

0.3 

2.0 

815.0 

0.15875 
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Table 4'5‘Theoretical and Experimental Temperatures for WC vs. EN24 
Steel. 


SI No. 

Theoretical temperature 

Experimental Temperature 

1 

634.96 

619.4 

2 

649.49 

652 

3 

663.56 

668.3 

4 


684.6 

5 

683.12 

700.9 

6 

699.38 

700.9 

7 

696.69 


8 

716.84 

717.2 

9 

734.90 

733.5 

10 

671.53 

684.6 

11 

685.87 

684.6 

12 

697.95 

700.9 

13 

715.97 

717.2 

14 

720.78 

717.2 

15 

735.29 

733.5 

16 

738.21 

749.8 

17 

755.55 

766.1 

18 

701.63 

700.9 

19 

702.74 

717.2 

20 


717.2 

21 


717.2 

22 

735.72 

733.5 

23 

751.79 

749.8 

24 


749.8 

25 

768.91 

766.1 


783.73 

782.4 


800.92 

815.4 


. In case of the Carbide tool bit the input parameters were set at a higher level as 
described in Chapter 3. The parameters set according to the factorial design is given in 

































Table 4.6 Experimental and theoretical values of flank wear land. (WC vs EN24 


Steel) 


SI No. 

Theoretical flank Wear 

Experimental flank Wear 

1 

0.0886 

0.09525 

2 

0.0977 

0.09525 

3 

0.116 

0.1270 

4 

0.1070 

0.09525 

5 

0.12189 

0.1270 

6 

0.13012 

0.1270 

7 

0.1443 

0.1270 

8 

0.1455 

0.15875 

9 

0.1610 

0.15875 

10 

0.09524 

0.09525 

■■ 

0.1110 

0.09525 

12 

0.12197 

0.1270 

13 

0.12286 

0.1270 

14 

0.12525 

0.1270 

15 

0.1360 

0.1270 

16 

0.1331 

0.1270 

17 

0.1498 

0.15875 

18 

0.1506 

0.15875 

19 

0.0910 

0.09525 

20 

0.1063 

0.09525 

21 

0.1168 

0.1270 

22 

0.1292 

0.09525 

IBl 

5.1178 

0.1270 


0.1288 

0.1270 


0.1236 

0.1270 


0.1403 

0.1270 
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4.4.a Effect of various parameters on temperature: 

Figure 4.15, shows the effect of depth of cut on the temperature 
generated. The variation is almost linear with higher feeds giving higher 
temperatures. If we compare Figure 4.7, with the first curve of Figure 4.15 
(cutting parameters are the same in both), the temperature is more in the first case. 
This is because the rate of tool wear in HSS tool is more than that of the WC tool 
bit. Figure 4.16 and 4.17 show the variation of temperature with depth of cut at 
160RPM and 200 RPM respectively. 

The effect of speed on the temperature at a given feed of 0.2mm per rev. is 
shown in Figure 4.18. Temperature increases with increasing depth of cut. The 
variation is parabolic in nature as in the case of HSS tool. Figures 4.19 and 4.20 
gives the temperature variation at 0,25mm/rev and 0.3mm/rev feed. Comparison 
of Figure 4.4 with Figure 4.18 shows that higher temperatures are generated in 
case of HSS tool than the WC tool bit. This is because of the higher wear of HSS 
tool and also the composition of the tool (the tool contains 10% Cobalt). 

Figures 4.21 to 4.23 show the variation of temperature with feed at 
125RPM, 160 RPM and 200 RPM respectively. There is almost a linear relation 
between the feed and the temperature. Higher depths of cut results in higher 
temperatures. 
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4.4.b Effect of input parameters on Flank wear width h : 

J 

Figure 4.24 shows the effect of rotational speed on the flank wear land. 
For the three speeds used, the curves shift upwards-indicating higher 
temperatures. But the flank wear land remains almost the same for the three 
speeds. It can be observed that there is a linear increase in temperature as the wear 
land increases. At higher feeds of 0.25mm/rev and 0.3mm/rev the variation is the 
same, but the temperatures as well as the wear land are higher. (Figures 4.25 and 
4.26). 

The effect of depth of cut on the flank wear is minimal as can be 
observed fiom Figures 4.27, 4.28 and 4.29. Though there is an increase in 
temperature at higher depths of cut, the effect on flank wear is insignificant. 

Olberts [13] conducted tests on AISI 1015 steel tube with NS-6 carbide 
tool. At various speeds and feeds, the variation of flank wear land with the 
interface temperature was examined. There was a linear variation in the plots. In 
the present work too, there is a linear increase in flank temperature with the flank 
wear. Hence we can infer that speed and feed affect the flank wear but the depth 
of cut has a negligible effect on tire flank wear. 
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Figure 4.1a Calibration curve for Hf : 
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Figure 4.2 Variation of speed vs temperature at O.lmm/rev feed 



Figure 4.3 variation of speed vs temperature at 0.15mm/rev feed 
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Figure 4.6 variation of temperature vs depth of cut at 80 RPM 



Figure 4.7 variation of temperature vs depth of cut at 125 RPM 





temperature (deg C) temperature (deg C) 


feed vs temperature at 32 RPM 



Figure 4.8 variation of temperature vs feed at 32 RPM 


feed vs temperature at 80 RPM 



Figure 4.9 variation of temperature vs feed at 80 RPM 
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Figure 4.12a Variation of flank wear with flank tenaperature at 32 RPM and 
O.lmm/rev feed 



Figure 4.12b Variation of flank wear with flank temperature at 32 RPM and 
0.15mm/rev feed 





Figure 4.12c 
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Figure 4.13a 
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Figure 4.15 Variation of temperature with depth of cut at 125 RPM 
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Figure 4.16 Variation of temperature with depth of cut at 160 RPM 
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Figure 4.20Variation of temperature with Rotatioual speed at 0.3mm/rev feed 
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Figure 4.22 Variation of temperature with feed at 160 RPM 
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Temperature (degree) 



Figure 4.23 Variation of temperature with feed at 200 RPM 
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Figure 4 24 Variation of flank wear with flank temperature at 125 RPM 



Figure 4 25 Variation of flank wear with flank temperature at 160 RPM 
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Figure 4.27 Variation of flank wear with flank temperature at 1mm depth of cut 
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Chapter 5 


5.1 Conclusions: 

The present work involved the measurement of temperature by 
the work tool thermocouple and relating it to the flank wear, which occurs. 
Factorial design was used in deciding the cutting parameters. The tests were 
conducted with HSS and WC tool bits. Temperature is one. of the most important 
as well as a sensitive parameter, which governs the tool life. The effect of the 
flank temperature on the flank wear has been studied in the present work. The 
experimental results are compared with the theoretical results as obtained from 
the regression equation. 

In this work, the assumption has been made that 0.04 of the total 
heat generated during the machining process is generated at the flank face of the 
tool. This assumption has been validated from the results obtained. If we compare 
the wear phenomena in HSS and WC tools we find that the effect of temperature 
on wear is more in case of the former than the latter. This is due to the material 
composition, which imparts different wear properties to the two materials. The 3^ 
factorial design used in the present work is ideal because any other design would 
increase the number of experiments and the related calculations. 

5.2 Scope for future work: 

a) The speed, feed and depth of cut range can be increased in case of the WC tool 
experiments 

b) It has been found that the A.C component of the thermoelectric signal is 
unaffected by the feed variations. Using an electronic filter the experiments can 
be performed. 

c) A variation of the 3 ^ factorial design can be used in the experiments. 
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